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The simultaneous effect of intense THz laser and in-plane electric fields on Aharonov-Bohm effect
in single isotropic quantum rings is investigated using the non-perturbative Floquet theory in high-
frequency limit. It is shown that in isotropic quantum rings the intense THz laser and in-plane
electric field create unusual Aharonov-Bohm oscillations. For fixed values of intense THz laser field
parameter, the amplitudes of Aharonov-Bohm oscillations can be effectively tuned by changing
the electric field direction. Furthermore, for fixed values of electric field strength and laser field
parameter the intraband optical properties can be effectively tuned by changing the electric field
direction. Thus, it can be argued that a circular QR in the intense THz laser field is equivalent to
the anisotropic quantum ring, and the electric field direction effectively tunes the unusual Aharonov-
Bohm oscillations and intraband optical properties of the ring.
I. INTRODUCTION
Technologies involving nanometer-scale objects con-
tinue to improve the quality of our daily lives because the
down-sizing of functional units can result in a significant
decrease in device energy consumption and more efficient
production processes. Therefore, the fabrication and in-
vestigation of nanometer-scale systems are undoubtedly
one of the central issues in current science and technology
[1]. A significant class of such nanometer-scale systems is
quantum rings (QRs) [2], which attract special attention
due to their fascinating physical properties.
On the other hand, one of the best-known effects that
can be used to observe and control quantum interference
is the Aharonov-Bohm (AB) effect [3, 4]. The AB os-
cillations for semiconductor QRs was experimentally ob-
served and studied in Ref. [5–7]. The introduction of new
2D materials, such as graphene [8] and phosphorene [9]
opened new ways to explore electronic and phase coher-
ent transports in a two-dimensional system. Nanoscale
QRs have been fabricated from graphene and phosforene,
in which the phase coherence length at low temperatures
is larger than or comparable to their circumferences. This
implies that the AB effect can be observed in such QRs.
Many experimental studies of the AB effect in graphene
QRs have been made [10–12] but, to our knowledge, little
on phosphorene QRs.
Theoretical investigation of the AB effect in different
types of QRs has made great strides in recent years in
unraveling new phenomena and their enormous poten-
tials in device applications. The AB effect and persistent
currents have been extensively studied in semiconductor
QRs [13–16], and are expected to have potential applica-
tions in quantum electronics and quantum information.
The influence of an in-plane electric field and eccentric-
ity on the AB effect of a semiconductor QRs have been
investigated in Ref. [17, 18]. It is shown that the electric
field and the eccentricity may suppress the AB oscilla-
tions of the lower energy levels. The influence of lat-
eral asymmetry on the electronic and optical properties
in elliptical strained InAs QRs is analyzed in the pres-
ence of a perpendicular magnetic field [19]. The calcu-
lations indicate that the AB oscillations in the energy of
the ground state of elongated rings disappear for a large
enough magnetic field. Recently, the effect of effective
mass anisotropy, ellipticity of the confinement potential
and electric field on AB oscillations in QRs have been
investigated in Ref. [20]. The usual AB oscillations are
not observed for a circularly symmetric confinement po-
tential. However, they can be reinstated if an elliptic
QR is chosen. The influence of anisotropy, caused by the
electron-electron interaction, on AB effect in new ma-
terials, such as ZnO QRs and dot-ring structures, was
reported in Ref. [21, 22]. The results indicate that the
AB oscillations strongly depend on the electron number
in that structures.
New studies on AB effect in graphene QRs have been
made in Ref. [23–25]. Most recently, the AB effect
in square phosphorene QRs, with armchair and zigzag
edges, has been investigated in Ref. [26]. The main re-
sult obtained in this work is that the AB oscillation, ob-
served in the energy spectrum, strongly depends on the
ring width, electric field, and the side-gating potential. In
our previous work, we have reported about theoretical in-
vestigations of THz intense laser field (ILF) effect on elec-
tronic and optical properties of isotropic and anisotropic
GaAs QRs in the presence of magnetic field Ref. [27]. We
have shown that in isotropic QRs the laser field creates
the unusual AB oscillations. In the case of anisotropic
QRs we have shown that with the ILF it is possible to
completely control the anisotropy of the QR and thus the
physical characteristics.
In aim of this article is to report theoretical investiga-
tions of the simultaneous influence of a THz intense laser
field and lateral electric field on AB effect in isotropic
QRs. The results have shown that the electric field de-
stroys the AB oscillations in QRs even in the absence of
ILF. It should be noted that this influence on energy lev-
2els is stronger for larger values of QR’s width. Addition-
ally, we have shown for the first time that the amplitude
of unusual AB oscillations can be strongly controlled by
the electric field direction. We have also shown, that
by changing the in-plane electric field direction and laser
field we can effectively control the unusual AB oscilla-
tions which are observed in intraband optical absorption.
Therefore the simultaneous influence of in-plane electric
field and ILF can effectively tune the unusual AB oscilla-
tions observed in energy and intraband optical spectra of
isotropic QRs. TThe manuscript is organized as follow:
In Sec. II the theoretical model is presented. In Sec. III
the numerical results are shown and analyzed. Finally,
the conclusions are given in Sec. IV.
II. THEORETICAL FRAMEWORK
Our system consists of a two-dimensional isotropic QR
structure containing single electron, under the action of
a homogeneous in-plane electric field and magnetic field
oriented along the growth direction. The system is radi-
ated by ILF which is represented by a monochromatic
plane wave of frequency ν. The laser beam is non-
resonant with the semiconductor structure and linearly
polarized along a radial direction of the structure (chosen
along the x-axis). The electron motion is described by
the solution of the time-dependent Schro¨dinger equation:[
1
2m
(
p̂−
e
c
(A(t) +Am)
)2
+ V (x, y) − eFr
]
Φ(x, y, t)
= i~
∂
∂t
Φ(x, y, t) ,
(1)
where m is the effective mass, e is the electron charge, p̂
is the lateral momentum operator of the electron, A(t) =
exA0 cos(2πνt) is the laser field vector potential, where
ex denotes the unit vector on the x-axis, F is the electric
field strength. In Eq. (1), Am is the vector potential of
the magnetic field which is chosen to be Am = (0, Bx, 0).
In this case the scalar product (A(t) · Am) = 0. For
the confinement potential V (x, y) we choose the model
of finite, square-well type
V (x, y) =
{
0, if R
1
≤
√
x2 + y2 ≤ R
2
,
V0, otherwise,
(2)
where R
1
and R
2
are the inner and outer radii of the QR,
respectively.
Using the dipole approximation and Kramers-
Hennerberger unitary transformation [28, 29] in the high-
frequency regime the laser-dressed energies of the QR
can be obtained from the following time-independent
Schro¨dinger equation [30–36]:[
1
2m
(
p̂−
e
c
Am
)2
+ Vd(x, y)− eFr
]
Φd(x, y)
= EdΦd(x, y) , (3)
where Vd(x, y) is the time-averaged laser-dressed poten-
tial that can be expressed by the following expression
[27, 38, 39]
Vd(x, y) =
V
0
π
Re
[
π − θ (α0 − x− Γ1) arccos
(
Γ
1
+ x
α
0
)
+
+ θ (α
0
− x− Γ
2
) arccos
(
Γ
2
+ x
α
0
)
−
− θ (α0 + x− Γ1) arccos
(
Γ1 − x
α
0
)
+
+ θ (α0 + x− Γ2) arccos
(
Γ
2
− x
α
0
)]
. (4)
In Eq.(4) Γi = Re
(√
R2i − y
2
)
, θ(u) is the Heaviside
unit-step function and α
0
=
(
e2I/2π3m2ǫ
1/2
h cν
4
)1/2
,
which describes the strength of the laser field and com-
prises the intensity I, the frequency ν of the laser field,
and the high-frequency dielectric constant ǫh. Note that
I and ν can be chosen for a broad range in units of
kW/cm2 and terahertz, correspondingly [34].
The eigenvalues of the laser dressed energy Ed and
eigenfunctions Φd(x, y) may be obtained by solving
Eq. (3) with the help of the exact diagonalization tech-
nique. The eigenfunctions are presented as a linear ex-
pansion of the eigenfunctions of the two-dimensional rect-
angular infinitely high potential well with radius R >>
R2 [27, 37–39]. In our calculations we have used 361 basis
states which are appropriate for determining the energy
eigenvalues of ground and few excited states.
We have also considered here the intraband optical
transitions in the conduction band. For x-polarization
of the incident light the intensity of absorption in the
dipole approximation is proportional to the square of the
dipole matrix elementMfi ∼ 〈f |x|i〉, when the transition
goes from the initial state |i〉 to the final state |f〉. In this
work we always consider |i〉 to be the ground state.
III. RESULTS AND DISCUSSION
In this section we present the numerical simulations
of our theoretical model. They are carried out for GaAs
QRs having parameters V
0
= 228meV,m = 0.067m
0
(m
0
is the free electron mass) and ǫh = 10.9 [40]. The inner
and outer radii of QR are R
1
= 5 nm and R
2
= 20 nm.
In the frames (a) and (b) of Fig. 1 is presented the
schematic picture of the dressed confinement potential
Vd(x, y) for different values of the laser field intensity
when the electric field is along x-axis. The ILF applied
on a QR creates an anisotropy in the confinement po-
tential as a result of which the effective length of the
confinement along the x-direction decreases in the lower
part of the QR potential well. The effects of ILF and
electric field on the corresponding ground and first two
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FIG. 1. (a) and (b): density plot of the dressed confinement
potential for two values of the ILF parameter α0 = 2nm and
α0 = 4nm. The arrows demonstrate direction of the electric
field. (c)-(f): the density plots of the wave functions of first
three states for different values of electric field F and ILF
parameter α0. The results are for B = 0.
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FIG. 2. The dependences of low-lying energy levels of an
electron on the magnetic field B for different values of electric
field Fx and ILF parameter α0.
excited states wave functions are presented in the frames
(c) -(f) of Fig. 1. As one can see, the electric field always
moves the wave function to its opposite direction, but
the strengthening of the ILF weakens the effect of the
electric field due to the enhancement of the influence of
size quantization for low laying states.
Fig. 2 shows the magnetic field dependences of low lay-
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FIG. 3. Same as in FIG.1 but electric field is directed along
the y-axis.
ing energy levels of an electron for various values of the
electric field, directed along x-axis, and ILF parameter
α0. As it has been shown in our earlier work [27], the ILF
creates an anisotropy in the confinement potential. Con-
sequently, the degeneracy of the excited states at B = 0
disappears. With an increase of α
0
due to the reducing
symmetry from C
∞
to C
2
, one should expect an energy
levels split into non-crossing pairs of states which in turn
cross repeatedly as B increases (unusual AB oscillations).
On the other, hand the in-plane electric field creates po-
lar symmetry and also destroys the AB oscillations in
QR [17]. Fig. 2 represents the combined effect of elec-
tric field and ILF on energy spectra and AB oscillations
of QR. For the fixed value of α0 with the increase of
Fx the amplitude of unusual AB oscillations decreases.
Similar effects have been previously observed for phos-
phorene QRs under applied electric field directed along
x-axis [26].
In the frames (a) and (b) of Fig. 3 is presented the
schematic picture of dressed confinement potential for
different values of the laser field intensity when the elec-
tric field is along y-axis. The effects of ILF and electric
field on the corresponding ground and first two excited
states wave functions are presented in the frames (c) -(f)
of Fig. 3. An interesting effect has been observed in Fig. 3
(d) for the wave functions of the excited states. When
α
0
= 4 nm and Fy = 5 kV/cm the symmetry of the wave
functions of excited states is changed due to the linear
Stark effect in energy spectrum caused by the anisotropic
modification of laser-dressed confinement potential [35].
In this case, a crossing of energy levels is observed, as a
result of which the order of energy levels and symmetry
of wave functions of first and second excited states are
changed.
Fig. 4 shows the magnetic field dependences of low lay-
ing energy levels for various values of the electric field,
directed along y-axis, and ILF parameter α0. Here, the
unusual AB oscillations under the simultaneous effect of
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FIG. 4. Same as in FIG.2 but electric field is directed along
the y-axis.
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FIG. 5. The dependences of dipole allowed optical transition
energies on magnetic field B for different values of electric
field Fx and ILF parameter α0. The size and the color of
the circles are proportional to the intensity of the calculated
optical transitions.
electric field and ILF on energy levels are also observed.
Comparing Fig. 4 (a)-(d) with Fig. 2 (a)-(d) we can see,
that the amplitudes of unusual AB oscillations are much
bigger when the electric field is directed along y-axis.
It means that for the fixed values of α0 (for the fixed
anisotropy of QR) the amplitudes of unusual AB oscilla-
tions can be increased by changing the direction of elec-
tric field from x-axis to y-axis.
These unusual behaviors of electron wave functions and
energy levels are expected to influence the intraband opti-
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FIG. 6. Same as in FIG.5 but electric field is directed along
the y-axis.
cal properties of the single QRs. Fig. 5 shows the dipole-
allowed intraband optical transition energies as a func-
tion of the magnetic field for different values of electric
field strength and α0 when the electric field is directed
along x-axis. The size and the color of the circles in
this figure are proportional to the intensity |Mfi|
2 of the
calculated optical transitions. As it can be seen from
figures, for fixed values of electric field strength F and
ILF parameter α0 the unusual optical AB oscillations
are observed. Note that for all cases the intensity of the
1 → 3 transitions (transitions from ground state to the
second excited state) more significant than others. This
fact is caused by the symmetry of the corresponding wave
functions and, as a result, by the value of corresponding
dipole matrix element.
When the electric field is along y-axis one can also
calculate the dipole-allowed intraband optical transition
energies as it is displayed in Fig. 6. In this case, the
unusual optical AB oscillations are also visible. Except
of the Fig. 6(b) the intensity of the 1 → 2 transitions
(transitions from ground state to the first excited state)
much bigger than others. When α0 = 4 nm and Fy = 5
kV/cm the symmetry of the final state wave function
changes, and 1→ 3 transitions become much stronger.
IV. CONCLUSIONS
In conclusion, we have investigated here the simultane-
ous influence of an intense THz laser and in-plane electric
field on the electronic and intraband optical properties
of isotropic QRs in an applied magnetic field. We have
shown that the simultaneous action of an intense THz
laser and in-plane electric field creates the unusual AB
oscillations. Additionally, we have found, that for fixed
values of intense THz laser field parameter, the ampli-
tudes of unusual Aharonov-Bohm oscillations can be ef-
fectively tuned by the changing of the electric field direc-
tion. Furthermore, we have shown that for fixed values of
5electric field strength and laser field parameter the intra-
band optical properties can be drastically influenced by
the change of the electric field direction. Thus, it can be
argued that for a fixed value of intense THz laser field pa-
rameter, which is equivalent to the anisotropic quantum
ring, the changing of the electric field direction effectively
tunes the unusual Aharonov-Bohm oscillations in energy
spectra and intraband optical properties. Lastly, it is
worth noting that with the change of electric field direc-
tion the AB oscillations can become more regular. We
believe that the results are useful and will open up new
possibilities to improve the design and characterization of
new devices based on single QR, such as THz detectors,
efficient solar cells as well as photon emitters.
ACKNOWLEDGMENTS
DL acknowledges partial financial support from Cen-
ters of excellence with BASAL/CONICYT financing,
Grant FB0807, CONICYT- ANILLO ACT 1410 and
FONDECYT 1180905.
[1] A. P. Alivisatos, Science 271, 933 (1996).
[2] V.M. Fomin (Ed.), Physics of Quantum Rings (Springer-
Verlag, Berlin, 2014).
[3] Y. Aharonov and D. Bohm, Phys. Rev. 115, 485 (1959).
[4] R. A. Webb, S. Washburn, C. P. Umbach, and R. B.
Laibowitz, Phys. Rev. Lett. 54, 2696 (1985).
[5] R. Schuster, E. Buks, M. Heiblum, D. Mahalu, V. Uman-
sky, and H.Shtrikman, Nature (London) 385, 417 (1997).
[6] A. Lorke, R. J. Luyken, A.O. Govorov, J. P. Kotthaus,
J. M. Garcia, P. M. Petroff, Phys. Rev. Lett. 84, 2223
(2000).
[7] A. Fuhrer, S. Lu¨scher, T. Ihn, T. Heinzel, K. Ensslin, W.
Wegscheider, and M. Bichler, Nature (London) 413, 822
(2001).
[8] K. S. Novesolelov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A.
Firsov, Science 306, 666 (2004).
[9] L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X.
H. Chen, and Y. Zhang, Nat. Nanotechnol. 9, 372 (2014).
[10] S. Russo, J. B. Oostinga, D. Wehenkel, H. B. Heersche, S.
S. Sobhani, L. M. K. Vandersypen, and A. F. Morpurgo,
Phys. Rev. B 77, 085413 (2008).
[11] D. Smirnov, H. Schmidt, and R. J. Haug, Appl. Phys.
Lett. 100, 203114 (2012).
[12] D. Cabosart, S. Faniel, F. Martins, B. Brun, A. Felten, V.
Bayot, and B. Hackens, Phys. Rev. B 90, 205433 (2014).
[13] L. Wendler, V. M. Fomin, and A. A. Krokhin, Phys. Rev.
B 50, 4642 (1994).
[14] T. Chakraborty, Adv. in Solid State Phys. 43,
79,(2003); S. Viefers, P. Koskinen, P. Singha Deo,
M. Manninen, Physica E 21, 1 (2004); P. Pietila¨inen
and T. Chakraborty, Solid State Commun. 87, 809
(1993); K Niemela¨, P Pietila¨inen, P Hyvo¨nen, and T
Chakraborty, EPL (Europhysics Letters) 36, 533 (1996);
T. Chakraborty and P. Pietila¨inen, Phys. Rev. B 50, 8460
(1994).
[15] J. Splettstoesser, M. Governale, and U. Zu¨licke, Phys.
Rev. B 68, 165341 (2003).
[16] V. M. Fomin, V. N. Gladilin, S. N. Klimin, J. T. De-
vreese, N. A. J. M. Kleemans, and P. M. Koenraad, Phys.
Rev. B 76, 235320 (2007).
[17] Z. Barticevic, G. Fuster, and M. Pacheco, Phys. Rev. B
65, 193307 (2002).
[18] A. Bruno-Alfonso, and A. Latge´, Phys. Rev. B 71, 125312
(2005).
[19] M. M. Milosˇevic´, M. Tadic´, and F.M. Peeters, Nanotech-
nology 19, 455401 (2008).
[20] G. O. de Sousa, D. R. da Costa, Andrey Chaves, G. A.
Farais, F. M. Peeters, Phys. Rev. B 95, 205414 (2017).
[21] T. Chakraborty, A. Manaselyan, and M. Barseghyan, J.
Phys.:Condens. Matter 29, 215301 (2017).
[22] T. Chakraborty, A. Manaselyan, and M. Barseghyan,
Physica E 99, 63 (2018).
[23] D. S. L. Abergel, V. M. Apalkov, and T. Chakraborty,
Phys. Rev. B 78, 193405 (2008).
[24] M. Zarenia, J. M. Pereira, A. Chaves, F. M. Peeters, and
G. A. Farias, Phys. Rev. B 81, 045431 (2010).
[25] I. Romanovsky, C. Yannouleas, and U. Landman, Phys.
Rev. B 85, 165434 (2012).
[26] L. L. Li, D. Moldovan, P. Vasilopoulos, and F. M. Peeters,
Phys. Rev. B 95, 205426 (2017).
[27] T. Chakraborty, A. Manaselyan, M. Barseghyan, and D.
Laroze, Phys. Rev. B 97, 041304(R) (2018).
[28] H. A. Kramers, Collected Scientific Papers (North-
Holland, 1956).
[29] W. C. Henneberger, Phys. Rev. Lett. 21, 838 (1968).
[30] M. Gavrila, J. Z. Kaminski, Phys. Rev. Lett. 52, 613
(1984).
[31] M. Pont, N.R. Walet, M. Gavrila C.W. McCurdy, Phys.
Rev. Lett. 61 939 (1988).
[32] E. C. Valadares, Phys. Rev. B(R) 41, 1282 (1990).
[33] M. Gavrila, J. Phys. B: At. Mol. Opt. Phys. 35, R147
(2002).
[34] S.D. Ganichev, W. Prettl (eds.), Intense Terahertz Ex-
citation of Semiconductors. Semiconductor Science and
Technology (Oxford University Press, Oxford, 2006).
[35] H.M. Baghramyan, M.G. Barseghyan, D. Laroze, Scien-
tific Reports 7, 10485 (2017).
[36] H. M. Baghramyan, M. G. Barseghyan, A. A. Ki-
rakosyan, J. H. Ojeda, J. Bragard, D. Laroze, Scientific
Reports 8, 6145 (2018).
[37] S. Gangopadhyay and B. R. Nag, Nanotechnology 8, 14
(1997).
[38] A. Radu, A. A. Kirakosyan, D. Laroze, H. M.
Baghramyan, M. G. Barseghyan, J. Appl. Phys. 116,
093101 (2014).
[39] A. Radu, A. A. Kirakosyan, D. Laroze, M. G.
Barseghyan, Semicond. Sci. Technol. 30, 045006 (2015).
[40] S. Adachi, Handbook on Physical Properties of Semicon-
ductors Vol. 2, (Kluwer Academic Publishers, New York,
2004).
